INTRODUCTION {#s1}
============

The bacterial endospore, an abundant cell type found in many environments (including the soil and human gastrointestinal \[GI\] tract), is highly resistant to diverse stresses and survives under extreme conditions for extended time periods. These properties are important for persistence in the environment, colonization of the human host, and pathogenesis ([@B1][@B2][@B3]). The spore is organized as a series of layers surrounding a DNA-containing core, each of which makes a critical contribution to resistance and/or dormancy. In the case of Bacillus anthracis, the causative agent of anthrax, these layers are the cortex, coat, interspace, and exosporium ([Fig. 1A](#fig1){ref-type="fig"}) ([@B3], [@B4]). The interspace and exosporium are present in a subset of spore-forming species, both pathogenic and nonpathogenic, while the coat and cortex are present in all species ([@B5]). Ongoing investigations in B. anthracis and the model organism Bacillus subtilis (which lacks the interspace and exosporium) seek to identify the functions of these layers and elucidate the mechanisms directing their assembly.

![Mutations in *cotO* result in the loss of the exosporium. Wild-type (A, G, and H), MGM76 (*cotO*ΩpMGM3) (B, I, and J), TJB124 (*cotO* mutant) (C, K, and L), TJB130 (*cotO eag1*ΩpTJB10) (D, M, and N), TJB116 (Sterne 34F2 \[pMK4-*cotO*\]) (E), and TJB239 (Sterne Δ*cotY*) (F) spores were analyzed by thin-section TEM (A to F) and immunofluorescence microscopy (G to N). Arrows indicate the exosporium, while arrowheads indicate the coat. In panel A, the cortex (Cx) and interspace (IS) are also indicated. Images are representative of at least 80 spores visualized. The presence of the exosporium was also assessed by immunofluorescence microscopy and staining with anti-BclA antibodies (G to N). Images are representative of more than 100 spores visualized in three separate spore preparations. Scale bars = 1 μm.](mbo0051841430001){#fig1}

Our understanding of interspace and exosporium function remains poor. Exosporium surface properties affect interactions with surfaces and cells in the environment, as well as early interactions with the host upon infection ([@B4], [@B6][@B7][@B8]). The exosporium also affects germination (the process by which spores return from dormancy to active metabolism) and may provide resistance to some stresses ([@B9][@B10][@B11]). However, B. anthracis spores lacking the exosporium are largely functional ([@B12]) and cause significant disease in animal models ([@B13], [@B14]). These results argue that the exosporium is not required for infection *per se* but may play an important role in natural infection or in other environmental adaptations. Importantly, exosporia are present in many species throughout the *Bacillales* and *Clostridiales* that are not known to cause disease in mammals ([@B15]). The exosporium likely has additional unknown functions in B. anthracis, as well as in the large number of other phylogenetically diverse species possessing this structure.

Elucidating the mechanisms controlling interspace and exosporium assembly is an especially intriguing problem. These mechanisms will almost certainly be novel, as these two layers are morphologically distinct from the better-studied coat. In B. anthracis and the related species B. cereus and B. thuringiensis, the exosporium is composed of a protein shell, the basal layer, which is studded with hair-like projections ([Fig. 1A](#fig1){ref-type="fig"}) ([@B10], [@B12], [@B16][@B17][@B20]). Exosporium assembly initiates soon after the first hallmark event in sporulation, the appearance of the asymmetrically positioned sporulation septum (2 h into sporulation) that divides the cell into a smaller compartment (the forespore) and a larger compartment (the mother cell) ([@B13], [@B15]). The mother cell then engulfs the forespore, resulting in a free protoplast that develops into the spore. Before engulfment is complete, a thin layer of material, the cap, appears at the mother cell side of the septum ([Fig. 2A](#fig2){ref-type="fig"}) ([@B13]). At these early time points, the cap lacks the electron density and hair-like projections of the mature exosporium, and the gap between it and the forespore (the interspace) is narrower than the interspace seen in the mature spore ([@B13]).

![Mutations in *cotO* and *cotY* result in loss of the cap. Wild-type (A to C), TJB124 (*cotO* mutant) (D), MGM76 (*cotO*ΩpMGM3) (E), TJB116 (Sterne 34F2 \[pMK4-*cotO*\]) (F), and TJB239 (*cotY* mutant) (G) sporangia were harvested at T~2~ (A), T~3~ (B and D to G), and T~4~ (C) and visualized by thin-section TEM. Sporangium preparations were assessed for the presence of a cap, which are indicated by arrows in panels A to C and E. Images are representative of more than 50 sporangia from each strain visualized at these time points. Scale bars = 1 μm.](mbo0051841430002){#fig2}

The next stage in exosporium assembly is encirclement of the forespore and, ultimately, closure into a contiguous shell. Full encirclement does not occur until six hours into sporulation ([@B12]), concomitant with the appearance of the coat and widening of the interspace ([@B13]). Encirclement starts at the same time as the initial expression of *exsY*, encoding a major basal layer structural protein ([@B10], [@B12], [@B21], [@B22]). The hair-like projections, composed of the proteins BclA, BclB, and possibly others ([@B23][@B24][@B26]), are anchored to the basal layer proteins ExsFA/BxpB and ExsFB ([@B19], [@B27], [@B28]).

The current description of exosporium assembly leaves at least two fundamental mechanistic questions unanswered: (i) what directs the cap to form at the forespore? and (ii) what guides exosporium elongation to form a closed shell around the forespore, rather than disconnected sheets in the mother cell cytoplasm? Addressing these questions is essential to a robust explanatory model of the assembly of this distinctive and unique cell layer, both in B. anthracis and other species. Our incomplete understanding of exosporium assembly impedes the development of improved anthrax therapeutics and spore decontamination strategies that are effective, yet gentle enough for practical needs, because improving these technologies will likely rely on a deeper understanding of exosporium composition ([@B29], [@B30]).

Despite the morphological differences between B. subtilis and B. anthracis spores, previous work shows that several proteins with important roles in spore assembly in these two species are conserved evolutionarily and, at least in some cases, functionally ([@B6], [@B12], [@B13]). Studies in B. subtilis led to the identification of so-called morphogenetic proteins, which guide assembly of the other coat proteins into their respective layers ([@B31][@B32][@B34]). Orthologues of the B. subtilis morphogenetic proteins SpoIVA, CotE, and CotZ have major roles in B. anthracis coat and exosporium formation ([@B10], [@B12], [@B13], [@B21], [@B31], [@B35][@B36][@B37]).

In this study, we sought to further elucidate the mechanisms directing cap formation and exosporium elongation by characterizing the role of the B. anthracis orthologue of the B. subtilis coat protein gene *cotO.* Our results demonstrate that *cotO* is important for cap formation and assembly of the exosporium, similar to the role of *cotE* ([@B13]). We propose a model in which CotE and CotO form a transient network linking the exosporium to the forespore during development. Our results also provide mechanistic insight into a significant difference in coat assembly between B. subtilis and B. anthracis ([@B15], [@B20], [@B38]), suggesting that the cap alters the pattern of coat assembly by transiently interfering with the deposition of coat proteins. These results emphasize the importance of exploring differences in coat and exosporium assembly among species if we are to have an accurate understanding of the assembly mechanisms for these ubiquitous and environmentally important cell types.

RESULTS {#s2}
=======

*cotO* is required for exosporium formation. {#s2.1}
--------------------------------------------

Previously, we demonstrated that inactivation of the B. anthracis *cotO* gene by an insertion-disruption mutation (in strain MGM76), resulted in spores lacking the exosporium ([@B6]). Analysis of spore morphology by transmission electron microscopy (TEM) and immunofluorescence microscopy (IFM), using antibodies against the exosporium protein BclA ([@B11]), revealed that the mutant spores had an intact coat, but 94% of the spores lacked the exosporium ([Fig. 1A](#fig1){ref-type="fig"}, [B](#fig1){ref-type="fig"}, and [G](#fig1){ref-type="fig"} to [J](#fig1){ref-type="fig"}). Exosporium fragments not attached to spores were readily detected. IFM analysis of unwashed spores revealed that 22% had exosporia. These results suggest that exosporium material is synthesized in this strain and may be loosely associated with the spores, but it does not form a closed shell around the spore. As a result, the exosporium is readily sloughed off during either sporulation or washing.

We generated a new mutant strain missing the *cotO* open reading frame (TJB124). The resulting spores also had an intact coat, but ∼96% lacked the exosporium ([Fig. 1C](#fig1){ref-type="fig"}). We also observed exosporium fragments disconnected from spores in this strain ([Fig. 1K](#fig1){ref-type="fig"} and [L](#fig1){ref-type="fig"}); however, these fragments were smaller than those seen in MGM76 spores ([Fig. 1I](#fig1){ref-type="fig"} and [J](#fig1){ref-type="fig"}), suggesting that exosporium elongation may be reduced in strain TJB124. Despite lacking the exosporium, we did not detect a difference in the patterns of extractible proteins between this strain and the wild type (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). There was also no difference in germination ([Fig. S2](#figS2){ref-type="supplementary-material"}).

10.1128/mBio.01166-18.1

SDS-PAGE of proteins extracted from released spores or sporangia. Washed spores were resuspended in Laemmli buffer, and proteins were extracted by incubating at 100°C for 5 min, followed by 1 min of vortexing. Samples were heated and vortexed 3× and centrifuged at 17,000 × *g* for 5 min, and the supernatant was collected. The concentration of protein extracted was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and 120 µg of protein was separated via 15% (A) or 10% (B) SDS-PAGE gels. Sporangial proteins were extracted by resuspending cell pellets in Laemmli buffer and were mixed with 0.1 mm glass beads. Mother cell lysis was achieved, and forespore proteins were extracted by bead beating, immediately followed by three rounds of incubation at 100°C for 5 min and 1 min of vortexing. Samples were then centrifuged at 17,000 × *g* for 5 min, and the supernatant was collected. The concentration of protein extracted was measured using a NanoDrop spectrophotometer, and 120 µg was separated via 15% SDS-PAGE gels (C). Gels were stained with Bio-Safe Coomassie G-250 stain (Bio-Rad). Download FIG S1, PDF file, 2.2 MB.
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Effect of the exosporium on germination of *B. anthracis* spores. Wild-type spores or spores lacking an exosporium (*exsY* or *cotO*) were germinated using a combination of inosine and alanine (A), inosine and serine (B), or alanine alone (C). For spores germinated using inosine and alanine, 100 µl of a stock solution containing 50 mM alanine and 10 mM inosine was used to induce germination in a total volume of 1 ml. This stock solution was either used directly or diluted 1:100 or 1:150 before use. Inosine and serine were used at final concentrations of 1 mM or 0.2 mM. Alanine alone was used at final concentrations of 100 mM or 50 mM. Download FIG S2, EPS file, 1.8 MB.
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The introduction of *cotO* into the TJB124 genome at an ectopic site (creating strain TJB130) restored the expression of *cotO* ([Fig. 3F](#fig3){ref-type="fig"}) and partially restored exosporium formation ([Fig. 1D](#fig1){ref-type="fig"}, [M](#fig1){ref-type="fig"}, and [N](#fig1){ref-type="fig"}). We found that 32% of spores were encircled by an exosporium ([Fig. 1D](#fig1){ref-type="fig"}), compared to 4% in TJB124, and an additional 50% of the released spores were partially encircled by an exosporium ([Fig. 1M](#fig1){ref-type="fig"} and [N](#fig1){ref-type="fig"}). The partially encircling exosporia were not readily sloughed off during washing, unlike the exosporia in strain MGM76 spores, suggesting that these exosporia are more tightly adhered to the underlying spore layer. From these data, we infer that CotO likely has a role in connecting the exosporium to the spore.

![Interaction between CotE, CotO, and ExsY analyzed by Western blotting. Proteins were extracted from wild-type and mutant (strain RG56, *cotE*; strain TJB124, *cotO*; strain MGM76, *cotO*Ω; strain TJB130, *cotO* complement; strain TJB116, *cotO* overexpression; strain TJB139, *exsY*) sporangia or spores. Proteins were extracted from wild-type and mutant released spores (B and I), by three rounds of boiling and vortexing in Laemmli buffer, and mother cell proteins were extracted from sporangia by bead beating in PBS (C). Total sporangial proteins (A, D to H, and J) were extracted by bead beating, followed by three rounds of boiling and vortexing in Laemmli buffer. Forty micrograms of the extracted proteins was separated by 15% SDS-PAGE gels and transferred to a nitrocellulose membrane. Membranes were blocked with 5% BSA and 0.1% Tween 20 in TBS and probed with anti-CotO (1:10,000 in blocking buffer) (A to H) or anti-CotE (1:50,000 in blocking buffer) (I and J) antibodies, followed by anti-rabbit IgG alkaline phosphatase conjugate antibodies (1:10,000 in blocking buffer). Membranes were developed using SigmaFast BCIP/NBT. CotO is first detected in sporangia at T~2~ (A), consistent with the timing of cap formation, and is present throughout sporulation (A and H). When only soluble proteins are extracted from sporangia, CotO is not detectable after T~5~ (C). A band, similar in size to CotO, is present early during MGM76 sporulation (D), suggesting that a fragment of CotO is produced in this strain but may not be stable. CotO is also present early during RG56 sporulation (G) but cannot be detected after T~5~. Less CotO was extracted from the RG56 and TJB139 spores (B), suggesting that its presence in the spore is at least partially dependent on the presence of an exosporium. In comparison, CotE levels were unaffected by the *cotO* and *exsY* mutations (I), consistent with its localization in the coat.](mbo0051841430003){#fig3}

Interestingly, no complementation was detected when *cotO* was placed on a nonintegrating plasmid (data not shown). Possibly, this failure was due to increased *cotO* expression. To test the hypothesis that elevated CotO levels cause an exosporium assembly defect, we transformed the wild-type strain with a plasmid expressing *cotO* from its endogenous promoter. The resulting strain (TJB116) had increased CotO levels during sporulation ([Fig. 3E](#fig3){ref-type="fig"}), and 88% of the released spores (53 of 60) lacked a contiguous exosporium ([Fig. 1E](#fig1){ref-type="fig"}). Most likely, proper exosporium assembly requires CotO concentrations to be within a relatively narrow range.

*cotO* is required for cap formation. {#s2.2}
-------------------------------------

To identify the stage at which exosporium assembly requires CotO, we used TEM to analyze sporangia of MGM76 (*cotO*ΩpMGM3) and TJB124 (*cotO*), harvested between 1 and 8 h after the onset of sporulation (T~1~--T~8~). Consistent with previous studies ([@B13], [@B20]), in wild-type sporangia, we first detected the exosporium as a small patch (or cap) of material located at the mother cell-proximal forespore pole during engulfment ([Fig. 2A](#fig2){ref-type="fig"}). We also visualized the cap in 54% (42 of 78) of the wild-type sporangia harvested between the completion of engulfment and the appearance of the coat (T~2~--T~5~). At these times, the cap covered less than one-quarter of the two-dimensional circumference of the developing spore and was close (∼35nm) to the forespore membrane ([Fig. 2B](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}). In contrast, the cap was absent in 93% (65 of 70) of TJB124 (Δ*cotO* mutant) and 80% (45 of 54) of MGM76 (*cotO*ΩpMGM3) sporangia at these times ([Fig. 2D](#fig2){ref-type="fig"} and [E](#fig2){ref-type="fig"}). Cap-like structures were visible in the mother cell cytoplasm of 6% of TJB124 and 16% of MGM76 sporangia ([Fig. 2E](#fig2){ref-type="fig"}) at these times, but they were never observed in wild-type sporangia. These results argue that CotO plays a major role in cap formation and localizing the cap to the forespore. Consistent with a role in cap formation, we first detected CotO in wild-type cells by Western blotting at T~2~ ([Fig. 3A](#fig3){ref-type="fig"}), and CotO-green fluorescent protein (CotO-GFP) localized to the mother cell-proximal pole of the forespore at this time ([Fig. 4](#fig4){ref-type="fig"}). Our results also suggest that the CotO N-terminus, which is produced in MGM76 (as an almost-full-length protein) ([Fig. 3D](#fig3){ref-type="fig"}), retains at least some ability to assemble a cap-like structure.

![Localization of CotO-GFP to the cap region of the developing spore. Strain MUS8188, bearing a plasmid expressing *cotO*-*gfp*, was harvested at hour two of sporulation and analyzed by epifluorescence and bright-field microscopy. Sporangia were counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) to distinguish the forespore chromosomes (forming tight foci) from the mother cell chromosomes. Scale bar = 1 μm.](mbo0051841430004){#fig4}

If CotO is required for cap formation, overproduction of CotO might result in the assembly of additional caps. To address this hypothesis, we used TEM to search for caps in strain TJB116 ([Fig. 3E](#fig3){ref-type="fig"}). Prior to T~5~, we did not detect caps ([Fig. 2F](#fig2){ref-type="fig"}). Strikingly, we observed multiple (between 6 and 9) short exosporium-like structures in the mother cell cytoplasm of all 21 sporangia visualized at T~6~ ([Fig. 5K](#fig5){ref-type="fig"}). We infer that the overexpression of *cotO* resulted in the initiation of multiple cap-like structures, which were too small to visualize by TEM until they began to elongate and gain significant electron density. Possibly, released TJB116 spores lack exosporia because the amount of the major basal layer protein (ExsY) is insufficient to complete multiple exosporia. These data suggest a role for CotO in initiating cap assembly at the mother cell pole.

![Exosporium formation in wild-type and mutant sporangia. Wild-type (A to C and F), TJB239 (*cotY* mutant) (D, E, and G), TJB124 (*cotO* mutant) (H and I), MGM76 (*cotO*ΩpMGM3) (J), and TJB116 (Sterne 34F2 \[pMK4-*cotO*\]) (K) sporangia were harvested at intermediate to late stages of sporulation and visualized by thin-section TEM. Sporangia were harvested at T~5~ (A to E), T~6~ (K), T~7~ (H to J), or T~8~ (F and G) to monitor the effects of each mutation on coat and exosporium formation. Arrows indicate the exosporium, while arrowheads indicate densely staining coat material. The areas of panel A enclosed in boxes are magnified in panels B and C to highlight the close association between the leading edge of the elongating exosporium and the coat. At later times, wild-type and TJB239 forespores are completely surrounded by an exosporium (F and G), while forespores from MGM76, TJB124, and TJB116 sporangia were not (H to K). Scale bars = 1 μm.](mbo0051841430005){#fig5}

We expected that CotO would be restricted to the forespore. To test this, we measured CotO steady-state levels in total sporangia and in sporangial fractions containing only soluble mother cell contents (and possibly loosely bound forespore proteins). We detected CotO at all time points (starting at T~2~) in total sporangia ([Fig. 3A](#fig3){ref-type="fig"}). However, in the mother cell fraction, CotO was not detectable after T~5~ ([Fig. 3C](#fig3){ref-type="fig"}), suggesting that CotO is largely forespore associated after that time.

*cotY* is required for cap, but not exosporium, assembly. {#s2.3}
---------------------------------------------------------

To better understand the role of the cap in exosporium assembly, we inactivated the *cotY* gene, encoding a major cap protein ([@B10], [@B12], [@B21]). As expected, the resulting strain (TJB239) lacked a readily detected cap ([Fig. 2G](#fig2){ref-type="fig"}). However, consistent with previous observations in B. cereus, virtually all released spores had an exosporium ([Fig. 1F](#fig1){ref-type="fig"}) ([@B10]).

To assess the effects of the *cotY* mutation on the timing of exosporium formation and the location of exosporium initiation, we compared the degree of exosporium assembly at intermediate times in wild-type and mutant sporangia. We also compared the stage of exosporium assembly to the stage of coat assembly as a separate marker of progression through sporulation. In wild-type sporangia, exosporium elongation occurs simultaneously with coat assembly ([Fig. 5A](#fig5){ref-type="fig"}), such that nearly all forespores visualized with a complete coat were also fully surrounded by an exosporium ([Fig. 5B](#fig5){ref-type="fig"}). In contrast, in *cotY* mutant sporangia, forespores with a complete coat but no exosporium, or only partially complete exosporium, were readily observed ([Fig. 5D](#fig5){ref-type="fig"} and [E](#fig5){ref-type="fig"} and [S3](#figS3){ref-type="supplementary-material"}). In both wild-type and *cotY* mutant sporangia, forespores were fully surrounded by an exosporium by T~6~ ([Fig. 5F](#fig5){ref-type="fig"} and [G](#fig5){ref-type="fig"}). It was particularly challenging to identify *cotY* mutant sporangia at an intermediate stage of exosporium formation; however, in the 10 sporangia we were able to analyze at this stage, exosporium initiation does not appear limited solely to the mother cell pole of the spore (as in the wild type). Instead, we observed what appear to be small patches of exosporium at random locations around the spore ([Fig. 5E](#fig5){ref-type="fig"} and [S3](#figS3){ref-type="supplementary-material"}). This suggests that exosporium initiation at the mother cell-proximal pole of the wild-type forespore is a result of cap protein deposition prior to or during engulfment. A similar mechanism in B. subtilis directs coat assembly initiation to this same forespore location ([@B15], [@B38]). When exosporium initiation is delayed by the deletion of *cotY*, exosporium assembly can initiate at any location on the forespore surface.

10.1128/mBio.01166-18.3

Effect of early cap formation on the location of exosporium initiation. Sporangia of strain TJB239 (*cotY* mutant), harvested at intermediate time points (T~5~), were visualized by TEM. Sporangia in the early stages of exosporium formation were specifically selected to determine if the timing of exosporium nucleation affects its localization. Arrows indicate the location of small patches of exosporium-like material, which are located at various points around the developing forespore, suggesting that exosporium nucleation is not limited to the mother cell-proximal pole of the forespore in this strain. Download FIG S3, PDF file, 2.5 MB.
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Possible role for CotO in exosporium elongation around the spore. {#s2.4}
-----------------------------------------------------------------

Our data suggest that while CotO is required for early cap formation, early cap formation is not essential for exosporium assembly. This suggests that CotO (possibly by interacting with ExsY) also plays a role in directing elongation of the exosporium around the forespore. To investigate the role of CotO in guiding exosporium elongation, we characterized exosporium assembly in the *cotO* mutant strains at intermediate and late times using TEM. In wild-type sporangia, while the interspace widens at the mother cell-proximal forespore pole ([Fig. 5A](#fig5){ref-type="fig"}), the leading edge of the encircling exosporium remains very close to the coat ([Fig. 5B](#fig5){ref-type="fig"} and [C](#fig5){ref-type="fig"}). In contrast, this close association between the coat and exosporium is not seen in *cotO* mutant sporangia. In *cotO* mutant sporangia, the exosporia either partially encircle the forespore ([Fig. 5H](#fig5){ref-type="fig"}), are present as dispersed fragments ([Fig. 5I](#fig5){ref-type="fig"}), or appear as wide tubes ([Fig. 5J](#fig5){ref-type="fig"}). Our data suggest that the exosporium-leading edge is attached to the coat by a protein network, including CotO, and is likely similar or even the same as that connecting the cap to the forespore.

Cap formation alters the pattern of coat assembly. {#s2.5}
--------------------------------------------------

In B. subtilis, coat assembly begins at the mother cell-proximal pole of the forespore ([@B5], [@B38]). In contrast, coat material first appears on the long axis of the B. anthracis and B. cereus forespore ([Fig. 6A](#fig6){ref-type="fig"} to [C](#fig6){ref-type="fig"}) ([@B20]). This difference in assembly patterns is a strong indication of at least some important difference in coat assembly between B. cereus group and B. subtilis spores. We noticed specifically that in sporangia with partially formed coats, there was a gap in the densely staining coat layer at the mother cell-proximal forespore pole in 80% (41 of 51) of wild-type sporangia ([Fig. 6B](#fig6){ref-type="fig"} and [C](#fig6){ref-type="fig"}). Ten sporangia lacked gaps at the mother cell pole, but these sporangia were almost completely surrounded by a coat, making it difficult to assess the location of coat initiation. We interpret these data as suggesting that in most sporangia, coat material first accumulates on the long side of the spore instead of the mother cell pole as in B. subtilis.

![Effect of *cotO* mutations on coat formation. Wild-type (A to C), TJB124 (*cotO* mutant) (D), and MGM76 (*cotO*ΩpMGM3) (E) sporangia were harvested at T~5~ and visualized using thin-section TEM. At this time, many forespores were only partially surrounded by densely staining coat material (arrows), indication that coat formation was actively occurring. A gap in the densely staining coat layer at the mother cell proximal pole of the forespore (arrowheads) was present in nearly all wild-type sporangia (A to C), while densely staining material was often observed at this location in the TJB124 and MGM76 sporangia (D and E). Scale bars = 1 μm.](mbo0051841430006){#fig6}

Our results raised the possibility that the cap, appearing at the mother cell pole prior to coat maturation, interferes with the deposition of some coat proteins at intermediate and late times. If the cap does interfere with coat formation, we hypothesized that sporangia unable to assemble the cap should deposit the electron densely staining coat material first on the mother cell-proximal spore pole. To test this, we used TEM to visualize coat formation in *cotE*, *cotO*, and *cotY* mutant sporangia. Similar to *cotO* and *cotY* mutant sporangia, most *cotE* mutant sporangia fail to form a cap ([@B13]). Consistent with our hypothesis, 51% (26 of 51) of *cotO* mutant sporangia, 42% (11 of 26) of *cotE* mutant sporangia, and 35% (9 of 26) of *cotY* mutant sporangia had electron-dense coat material covering the mother cell-proximal pole of the forespore at this stage ([Fig. 6D](#fig6){ref-type="fig"} and [E](#fig6){ref-type="fig"}, and data not shown), suggesting that the cap may alter assembly of the coat.

CotE interacts with CotO within a protein network linking the cap to the forespore. {#s2.6}
-----------------------------------------------------------------------------------

We hypothesized, based on the similarity of the observed *cotO* mutant phenotype with the previously published *cotE* mutant phenotype, that CotE and CotO are part of a protein network linking the exosporium to the developing spore ([@B13]). To address this hypothesis, Western blot analysis was used to assess the effect of a *cotE* mutation on CotO steady-state levels or a *cotO* mutation on CotE levels. While a *cotO* mutation had no detectable effect on the amount of CotE extracted from released spores ([Fig. 3I](#fig3){ref-type="fig"}), a *cotE* mutation resulted in reduced levels of spore-associated CotO ([Fig. 3B](#fig3){ref-type="fig"}). This suggests that CotE has a role in CotO stability, assembly into the spore, or extractability from the spore.

To address the possibility that CotE directs CotO assembly early in sporulation, we used epifluorescence microscopy to monitor the localization of a CotO-GFP fusion protein in wild-type and *cotE* mutant sporangia. We found that in otherwise wild-type sporangia harboring *cotO-gfp* on a plasmid (MUS8188), CotO-GFP localized to, and eventually surrounded, the forespore ([Fig. 7](#fig7){ref-type="fig"}). In a strain bearing a mutation in *cotE* (MUS8189), CotO-GFP accumulated in the mother cell cytoplasm early during sporulation but did not localize to the forespore. No fluorescence was visible in this strain at later time points (T~7~). We conclude that CotE has a significant role in CotO localization and may impact CotO stability.

![Effect of a *cotE* mutation on the localization of CotO-GFP during sporulation. Strain MUS8188, bearing a plasmid expressing *cotO*-*gfp* (left images), and strain MUS8189, bearing this plasmid and also harboring a *cotE* mutation (right images) were analyzed over the course of sporulation by epifluorescence and bright-field microscopy. Scale bars = 1 μm.](mbo0051841430007){#fig7}

To address the hypothesis that *cotE* is required for CotO stability, we measured CotO steady-state levels throughout sporulation in wild-type and *cotE* mutant sporangia using Western blot analysis. In wild-type sporangia, we detected CotO at all time points after T~2~. In contrast, CotO was not detected after T~5~ in *cotE* mutant sporangia ([Fig. 3G](#fig3){ref-type="fig"}). These data, taken together with the observation that CotO-GFP is not detectable at late time points in *cotE* mutant sporangia ([Fig. 7](#fig7){ref-type="fig"}), suggest that CotO is likely degraded in the *cotE* mutant spores. Importantly, CotO levels during sporulation were largely unaffected by a mutation in *exsY* ([Fig. 3G](#fig3){ref-type="fig"} and [H](#fig3){ref-type="fig"}). This suggests that the low level of extractable CotO is due to the loss of CotE specifically and not a result of a mislocalized exosporium.

A simple mechanism by which CotE could recruit CotO to the forespore would be direct interaction between the two proteins. To test whether CotE and CotO can interact directly, we overproduced each protein as a His-tagged fusion protein in Escherichia coli, purified them, and tested their binding using an enzyme-linked immunosorbent assay (ELISA). We found that CotE bound to CotO immobilized to the wells of a 96-well plate in a concentration-dependent manner ([Fig. 8](#fig8){ref-type="fig"}). These data indicate that CotE and CotO interact directly *in vitro* and support the hypothesis that CotE and CotO interact during sporulation to direct exosporium assembly.

![Measurement of the CotO-CotE interaction *in vitro* using ELISA. CotO (0, 0.125, 0.25, and 0.5 µg/well) was fixed to wells of a 96-well plate; the plate was blocked with 5% BSA plus 0.1% Tween 20 and incubated with CotE (0 to 12 µg/ml in blocking buffer). The amount of CotE retained in each well was assessed by ELISA, by application of rabbit anti-CotE (1:5,000) antibodies to the wells, followed by anti-rabbit IgG alkaline phosphatase conjugate (1:2,000) antibodies. Plates were developed using 4-nitrophenol phosphate for 30 min at room temperature before stopping the reaction with NaOH and measuring the absorbance at 405 nm (*A*~405~). Values from wells containing no CotO were subtracted from the values of corresponding wells to account for nonspecific binding.](mbo0051841430008){#fig8}

DISCUSSION {#s3}
==========

In this study, we address a fundamental question in spore formation: how is exosporium formation directed to initiate at one pole of the forespore surface? Our findings argue that, to a large degree, this is achieved by a protein network, consisting at a minimum of the proteins CotE, CotO, and CotY, which assemble at the forespore prior to engulfment ([Fig. 9A](#fig9){ref-type="fig"}, left image, and B). The resulting structure, the cap, ensures that continued exosporium assembly proceeds relatively rapidly from a single location ([Fig. 9A](#fig9){ref-type="fig"}, middle image). We infer, based on previous work, that the coat proteins SpoIVA and ExsA (the homologue of SafA in B. subtilis) likely reside between CotE and the forespore membrane and anchor the network to the forespore ([@B13], [@B39][@B40][@B42]). This model of assembly resembles the coat protein network in B. subtilis, suggesting that there may be a core outer layer assembly program that is conserved among all spore-forming *Bacillaceae*. Our results also argue that the impact of the cap on coat assembly potentially explains a significant difference in spore morphogenesis between B. anthracis and B. subtilis, the location at which electron-dense coat material first appears. These findings emphasize the limitations of the current model of spore assembly, which fails to account for important features of B. anthracis coat assembly. While coat formation in B. subtilis is well characterized and is the basis for understanding coat formation in all spore-forming species, the observation that the exosporium alters the pattern of coat assembly in B. anthracis argues for a need to thoroughly investigate spore formation in other species with other morphologically diverse outer layers.

![Model of *B. anthracis* spore formation. (A) Model of spore assembly in *B. anthracis*. FS, forespore; MC, mother cell. At an early time in sporulation and before completion of forespore engulfment, a thin layer of material forms on the mother cell side of the septum (green). This layer likely contains at least some coat (SpoIVA, ExsA, CotE, and CotO) and interspace material but is transparent when visualized by TEM. The cap assembles on top of this layer (yellow) (left-most cartoon), resulting in the gap observed by TEM between the cap and the forespore membrane. Soon after engulfment, (i) the thin layer of coat/interspace material assembles around the entire forespore (see Discussion), (ii) exosporium proteins (red) assemble at the cap's edge, on the interspace material, and proceed to encircle the forespore, while the interspace material underneath the cap region widens, and (iii) densely staining coat features (blue) first appear at a location immediately ahead of the leading edge of the exosporium (middle cartoon). As exosporium assembly continues, the interspace widens along the entire spore, and coat and exosporium assembly complete (right-most cartoon). (B) Roles of CotE (E) and CotO (O) in linking the cap and forespore. CotE (anchored to the surface of the coat, which contains SpoIVA and ExsA) and CotO (at the underside of the cap, yellow) are part of a network which resides in the same location as the interspace (green) and connects the cap and forespore (left-most cartoon). As exosporium assembly proceeds, the interspace widens, and the interactions between CotE and CotO are disrupted throughout most of the interspace. However, at the leading edge of the assembling exosporium, the interspace is thin, and we speculate that the CotE-CotO interaction remains intact until the exosporium elongates completely around the forespore.](mbo0051841430009){#fig9}

The protein network connecting the exosporium to the forespore cannot be static throughout sporulation, since the exosporium migrates away from the forespore during sporulation ([Fig. 2A](#fig2){ref-type="fig"} and [5A](#fig5){ref-type="fig"}). We observed that the distance between the cap and forespore first expands from 35 nm at T~4~ to 71 nm with the appearance of densely staining coat material at T~5~. Despite this expansion, the exosporium appears to be tightly associated with the coat at the leading edge of elongation ([Fig. 5B](#fig5){ref-type="fig"} and [C](#fig5){ref-type="fig"}). Possibly, transient protein-protein interactions maintain the connection between the coat and exosporium, even as new coat proteins are added. We speculate that the network connecting SpoIVA, ExsA, and CotE has a degree of flexibility that accommodates assembly of new proteins into the coat. Following this expansion, the protein network appears to be disrupted, as a significant portion of the interspace widens during exosporium encirclement. This widening implies that the protein network is further expanded, or disrupted completely, to allow the incorporation of interspace material. We prefer a model in which the network is disrupted, since the gap between the coat and exosporium is not uniform around the spore. We speculate that the disruption occurs between CotE and CotO, with CotE remaining in the coat ([@B13]), while CotO either becomes an exosporium protein or is lost from the spore ([Fig. 9](#fig9){ref-type="fig"}). A key open question is the contents of the interspace, a problem we are presently investigating.

Our second key finding is that, unlike B. subtilis, not every B. anthracis coat layer initiates at the mother cell-proximal spore pole. Instead, as previously demonstrated in B. cereus, at least some coat layers initiate on the long side of the spore ([@B20]). We found that mutations preventing cap assembly result in a pattern of coat assembly resembling B. subtilis. We speculate that assembly of the cap, after the deposition of early synthesized coat proteins (including SpoIVA, ExsA, CotE, and CotO) at the mother cell-proximal pole, occludes further deposition of coat proteins at this location. We argue that coat proteins are unable to diffuse through the cap and therefore must traffic between the exosporium and the forespore membrane surface, resulting in late coat formation proceeding from the edge of the cap. After interspace widening, however, the cap no longer interferes with coat assembly, and electron-dense layers form where the cap used to be. We suggest that the mechanism of coat assembly may be more flexible than previously thought, changing as a result of the evolution of additional outer structures. In this view, no single model of sporulation is likely to completely describe spore formation in all species.

The present work reinforces the view that orthologues of morphogenetic coat protein genes can have very different functions in different species ([@B12], [@B13], [@B31], [@B37]). The morphogenetic coat proteins, identified in B. subtilis as being important for proper coat assembly, are often conserved in other *Bacillaceae* ([@B43]). Our results add to the growing list of morphogenetic proteins that are important for spore assembly in both B. subtilis and B. anthracis, hinting at a core assembly program that is conserved among *Bacillaceae* ([@B10], [@B12], [@B13], [@B32], [@B37], [@B39]). Our results also demonstrate that while the sequences of these proteins are conserved, their exact function may not be; like CotE, CotO is important for coat assembly in B. subtilis and exosporium assembly in B. anthracis ([@B13], [@B31], [@B32]). These results suggest that orthologues of known morphogenetic proteins may play roles in the assembly of other novel outer layers, such as the canoe-shaped parasporal body (CSPB) of Brevibacillus laterosporus or the spikes projecting from the coat of Bacillus clausii ([@B15]). We speculate that while unidentified, and species-specific, morphogenetic proteins likely exist ([@B5]), it would be very informative to understand how the functions of known morphogenetic proteins diverge in different species. This information would likely reveal currently undetected roles for these proteins and provide insight into the ecological forces driving the diversification of spore outer layers.

MATERIALS AND METHODS {#s4}
=====================

General techniques and plasmid construction. {#s4.1}
--------------------------------------------

All strains were cultured in Luria-Bertani (LB) medium. When needed, E. coli strains were grown in the presence of spectinomycin (100 μg/ml), kanamycin (25 μg/ml), or carbenicillin (80 μg/ml). B. anthracis strains were grown in the presence of polymyxin B (60 units/ml), kanamycin (20 μg/ml), erythromycin (10 μg/ml), chloramphenicol (10 μg/ml), or spectinomycin (250 μg/ml). Recombinant DNA techniques were performed as previously described ([@B44]). PCR products were purified using the QIAquick PCR purification kit (Qiagen). Plasmids ([Table S1](#tabS1){ref-type="supplementary-material"}) were purified using the Wizard plasmid purification kit (Promega). Enzymes used for cloning were purchased from Thermo Fisher Scientific and used according to the manufacturer's instructions.
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Generation of mutant B. anthracis strains. {#s4.2}
------------------------------------------

The *cotO* gene was initially disrupted via Campbell-type single-reciprocal recombination, as previously described ([@B13], [@B45]), resulting in strain MGM76. Markerless deletion mutations were generated in *cotO*, *exsY*, and *cotY*, resulting in strains TJB124, TJB139, and TJB239, respectively, and confirmed by PCR ([@B46], [@B47]). Single-copy complementation of the *cotO* deletion was achieved by integrating a plasmid expressing *cotO* (pTJB126) under its native promoter, immediately downstream of the *eag1* gene ([@B18]). To generate a strain of B. anthracis overproducing CotO, a plasmid expressing *cotO* from its native promoter was introduced into B. anthracis by electroporation, as previously described ([@B13], [@B48], [@B49]).

To generate strains of B. anthracis producing a CotO-GFP fusion protein, *cotO* was inserted into plasmid pDG4099 (pMK4 bearing the enhanced GFP \[eGFP\] reporter cassette). The resulting plasmid (pBT4653) was introduced into B. anthracis using electroporation, followed by selection with chloramphenicol.

Sporulation. {#s4.3}
------------

B. anthracis spores were generated by growth to exhaustion in Difco sporulation medium (DSM) ([@B13]). Spores were then washed three times and resuspended in distilled water. After resuspension in DSM, growth was monitored by measuring the optical density at 600 nm (OD~600~) to determine the initiation of sporulation (T~0~), defined as the end of exponential-phase growth. Two-milliliter samples were taken every hour during sporulation (T~1~--T~12~) and either immediately fixed for analysis by transmission electron microscopy (TEM) ([@B13]) or stored at −80°C until proteins could be extracted for Western blot analysis.

Purification of CotO and CotE and the generation of anti-CotO antibodies. {#s4.4}
-------------------------------------------------------------------------

The CotE and CotO proteins were overproduced and nickel-affinity purified, using the QIAexpressionist system, according to the manufacturer's instructions (Qiagen). Purified CotO was used to generate anti-CotO antibodies in New Zealand White rabbits (GenScript, Piscataway, NJ), which were protein A affinity purified.

Protein isolation from spores and sporangia. {#s4.5}
--------------------------------------------

Coat and exosporium proteins were isolated from harvested spores by resuspending in Laemmli buffer, followed by three rounds of heating (100°C for 5 min) and then vortexing (1 min) ([@B13]). Soluble proteins were extracted from sporangia by resuspending the cells in phosphate-buffered saline (PBS) and bead beating ([@B50]). To characterize forespore-associated proteins in sporangia, cells were resuspended in Laemmli buffer and lysed by bead beating, and the forespore-associated proteins were extracted by three rounds of heating (100°C for 5 min) and vortexing (1 min). Samples were then centrifuged at 17,000 × *g* for 5 min, and the supernatant was collected.

SDS-PAGE and Western blot analyses. {#s4.6}
-----------------------------------

Proteins were quantified using a NanoDrop spectrophotometer (Thermo Scientific), 120 μg was separated via 10% or 15% SDS-PAGE gel, and the gel was stained with Bio-Safe Coomassie G-250 stain (Bio-Rad) ([Fig. S1](#figS1){ref-type="supplementary-material"}).

For Western blot analysis, 40 μg of extracted proteins was separated by 15% SDS-PAGE gels and transferred to a nitrocellulose membrane (Bio-Rad). Membranes were washed with Tris-buffered saline (TBS; 0.01 M Tris, 0.15 M NaCl \[pH 7.5\]) and incubated for 30 min with blocking buffer (5% bovine serum albumin \[BSA\], 0.1% Tween 20 in TBS). Membranes were washed with TBS and incubated with anti-CotE (1:50,000 in blocking buffer \[[@B13]\]) or anti-CotO (1:3,000 in blocking buffer) antibodies overnight at 4°C. Membranes were washed 3 times with 0.1% Tween 20 in TBS (TBST) and 2 times with TBS and incubated with anti-rabbit alkaline phosphatase conjugate antibodies (1:10,000 in blocking buffer) for 1 h. Membranes were washed 3 times with TBST and 2 times with TBS and incubated with SigmaFast 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT; Sigma-Aldrich) for 5 to 45 min before stopping the reaction with 3 changes of distilled water.

Immunofluorescence microscopy. {#s4.7}
------------------------------

Washed spores (10 µl) were adhered to the wells of a multiwell microscope slide (MP Biomedicals) coated with poly-[l]{.smallcaps}-lysine (Sigma-Aldrich). Slides were washed with PBS, treated with blocking solution (2% BSA in PBS) for 30 min, washed 9× with PBS, and incubated for 1 h with either polyclonal anti-BclA (diluted 1:1,000 in blocking buffer; BEI Resources) or anti-CotE (diluted 1:50,000 in blocking buffer) antibodies. Slides were washed 9× with PBS and incubated for 1 h with goat anti-rabbit antibodies conjugated to Alexa Fluor 488 (1:500 in blocking buffer; Molecular Probes). Slides were washed 9× with PBS, and coverslips were mounted using PermaFluor Mountant mounting medium (Thermo Scientific). Spores were then visualized using a Leica DM IRB fluorescence microscope. Images were collected with a MagnaFire cryo-cooled charge-coupled-device (CCD) camera and processed using the ImageJ software.

*In vitro* interaction between CotE and CotO measured by ELISA. {#s4.8}
---------------------------------------------------------------

The potential for CotE and CotO to interact *in vitro* was measured using an enzyme-linked immunosorbent assay (ELISA), as previously described ([@B51]). CotO was fixed to 96-well MaxiSorp plates (Thermo Scientific) at concentrations of 0, 0.125, 0.25, and 0.5mg/well and incubated for 1 h with blocking buffer (5% BSA, 0.1% Tween 20 in TBS), before incubating for 1 h with CotE (0 to 12 µg/ml in blocking buffer). The amount of CotE retained in the wells was determined using anti-CotE antibodies (1:10,000 in blocking buffer), followed by anti-rabbit-IgG alkaline phosphatase conjugate antibodies (1:2,000 in blocking buffer). Finally, wells were developed for 30 min with 200 µl of 4-nitrophenol phosphate before the reaction was stopped with 50 µl of 3 M NaOH, and the absorbance at 405 nm (*A*~405~) was measured.
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